Background-In the Single Ventricle Reconstruction (SVR) trial, one-year transplant-free survival was better for the Norwood procedure with right ventricle-to-pulmonary artery shunt (RVPAS) compared with a modified Blalock-Taussig shunt (MBTS) in patients with hypoplastic left heart and related syndromes. At 6 years, we compared transplant-free survival and other outcomes between the groups.
INTRODUCTION
With the development of the Norwood procedure in 1980, 1 survival became possible for infants with hypoplastic left heart syndrome (HLHS) and related single right ventricle anomalies. The Norwood procedure uses the native pulmonary artery to provide blood flow to the aorta, leaving the distal pulmonary arteries to be perfused by a systemic-topulmonary-artery shunt. In early years, surgeons employed a modified Blalock-Taussig shunt (MBTS) from the subclavian artery to the ipsilateral pulmonary artery. Subsequently, Sano et al. 2 described the right ventricular-to-pulmonary artery shunt (RVPAS), which lessens aortic diastolic run off and coronary arterial steal in the early postoperative period, but requires a ventriculotomy in patients with a single right ventricle.
In 2005, we began the Single Ventricle Reconstruction (SVR) Trial, a randomized trial comparing transplant-free survival and morbidities after the Norwood procedure with the RVPAS vs. MBTS in children with HLHS and other single right ventricular disorders. 3 We previously reported the outcomes of study patients at ages 1 and 3 years. 3, 4 Transplant-free survival proved to be superior in the first year of life among those assigned to the RVPAS. By three years, the shunt groups no longer differed significantly in transplant-free survival, although the hazard ratio for transplant-free survival tended to be better for the MBTS group after one year. Moreover, the RVPAS group had slightly worse right ventricular ejection fraction and a higher rate of unplanned reinterventions.
In this report of the primary endpoint of the SVR Extension Study (SVR II), we sought to compare the shunt groups with respect to transplant-free survival using all available data when the last enrolled patient had reached age six years. We also compared the shunt groups with respect to interventions and morbidities to age 6 years, including echocardiographic right-ventricular ejection fraction (RVEF), catheter interventions, other events and morbidities, and New York Heart Association Class.
METHODS
After trial results are published, the datasets and descriptor files from the SVR II study will be made available to other researchers on the Pediatric Heart Network Public Use Dataset webpage. 5 
Subjects
Patients were enrolled between May 2005 and July 2008. Eligibility criteria and trial methods for the SVR trial have previously been published. 6 Inclusion criteria were a diagnosis of HLHS or a related single, morphologic right ventricular anomaly with a planned Norwood procedure. Among 555 patients originally enrolled, one patient was excluded after withdrawal in week 1, and five did not undergo a Norwood procedure; therefore, the analytic cohort includes 549 patients. The data include at least 6 years of follow-up since the last patient was enrolled in the trial. The Institutional Review Board of each participating center approved this study, and parents/guardians of enrolled patients provided informed consent.
Data Obtained
Medical history was collected annually using medical record review, telephone interviews with parents or guardians, and the death index. Data obtained included vital status, surgical and catheter-based interventions, medical events, morbidities, and New York Heart Association Class. The primary causes of death between 1 and 6 years were adjudicated by a medical monitor. 7 Echocardiograms obtained for clinical indications were interpreted in a core laboratory, and the biplane pyramidal method was used for calculation of RVEF. 8 
Statistical Analysis
Statistical methods are similar to those used in analysis of data at 3 years. 4 The comparison of study outcomes was according to treatment assignment to MBTS or RVPAS (intention-to-treat) unless otherwise specified. We used a Wald test for comparison of 6-year event rates estimated by the Kaplan-Meier method and the log-rank test to determine whether the distributions of time to the earliest occurrence of death or transplantation using all available follow-up differed by assigned shunt. Three patients had their follow-up time censored at the time of biventricular repair. To test the hypothesis that the size of the treatment effect varied by time, we used Cox regression with a time-dependent treatment indicator. The time intervals were as follows: before Stage II surgery, between Stage II surgery until Fontan surgery, and then after Fontan surgery. Cumulative incidence rates for the competing risks of death and transplant were also estimated by shunt group. 9 To determine whether the treatment effect differed across patient subgroups, a treatment by subgroup interaction test from Cox regression was used for the following pre-specified subgroups: birth weight: <2500 vs. ≥2500 g; pre-Norwood tricuspid regurgitation with proximal jet width <2.5 vs. ≥2.5 mm; use of deep hypothermic circulatory arrest vs. regional cerebral perfusion during the Norwood procedure; annual surgeon Norwood volume; and annual center single ventricle volume based on the patients screened for the trial. We also examined a subgroup identified post hoc in a previous SVR report, 10 defined by the presence or absence of a patent aortic valve and preterm birth (4 subgroups).
Incidence rates of the secondary outcomes related to catheter-based interventions and morbidities occurring by age 6 years were compared by shunt type using Poisson regression. The time to first catheter-based intervention was estimated using the Kaplan-Meier method. We also used Cox regression with a time-dependent treatment indicator by surgical stage to examine differential shunt type effects by time on the catheterization outcomes.
We used all available follow-up and Cox proportional hazards regression to identify pre-and intraoperative risk factors (all variables evaluated are shown in Supplemental Table I ) for transplant-free survival. The stepwise selection procedure for the multivariable main effects model included all predictors with a univariate p-value less than 0.2. A test of nonproportionality was performed for each candidate predictor. A two-sample t-test was used to assess whether mean RVEF differed by assigned shunt. For all analyses, including tests of interaction, a p-value of 0.05 was considered significant. All analyses were conducted using SAS version 9.4 (SAS Institute, Inc., Cary, NC) and R version 3.2.1.
RESULTS
At the time of this report, 331 of the original 549 patients were alive without cardiac transplantation with mean follow-up of 7.1±1.6 years. The Fontan procedure had been performed in 328 patients (169 in the RVPAS group) at a mean age of 2.9±0.9 years (IQR, 2.3-3.4 years; range 1.3-6.6 years). Fontan type was extra-cardiac in 55% and lateral tunnel in 45%; 87% were fenestrated. The distributions of these surgical approaches did not differ between the RVPAS vs. MBTS shunt groups. An additional three patients, all in the RVPAS group, had undergone biventricular repair.
Transplant-free survival
The assigned shunt groups did not differ in transplant-free survival (log-rank P=0.13, Figure  1 ). At 6 years, transplant-free survival rates for the RVPAS vs. MBTS groups were 59% vs. 64% (P=0.25; Table 1) , and death or transplant had occurred in 99 RVPAS patients (87 deaths, 12 transplants) and 113 MBTS patients (103 deaths, 10 transplants). Altogether, in the RVPAS vs. MBTS groups respectively, death or transplant occurred in 72 vs. 100 patients by one year post randomization, in 18 vs. 7 patients between 1 and 3 years, and in 9 vs. 6 patients after three years up to 6 years of age. The shunt groups did not differ significantly in rates of all-cause mortality or cardiac transplantation (Supplemental Figure  I ). Although our primary analysis was performed according to intent to treat, study inferences were similar when examining the shunt in place at the end of the Norwood procedure. An additional 6 death or transplant events occurred after 6 years, 3 each in the RVPAS and MBTS groups. Timing of deaths and cardiac transplantation in the combined shunt groups according to surgical stage are summarized in Supplemental Table II The 6-year composite event rates conditional on transplant-free survival to one year (a prespecified landmark analysis) were 13.8% for RVPAS and 7.7% for MBTS (overall log-rank test P=0.056). The shunt groups did not differ with respect to primary causes of death after 1 year (Supplemental Table III ).
In pre-specified subgroup analyses (Supplemental Table IV ), interaction of shunt by subgroup was statistically significant only for annual Norwood surgeon volume (P=0.046), with MBTS having superior transplant-free survival (P=0.04) in the highest volume stratum, which only included 2 surgeons; in the lower volume strata, the RVPAS was beneficial or no shunt difference could be detected.
We performed multivariable Cox regression to determine predictors of worse transplant-free survival, including only covariates measured prior to and during the Norwood procedure (Table 2 ). An interaction of shunt type by time periods defined by surgical stage was fixed in the model. The MBTS was a risk factor only prior to the Stage II procedure. The RVPAS group had a higher event rate between the Stage II and Fontan procedures, but the association was not significant (HR=1.50, p=0.09). Other independent predictors of adverse outcome included presence of total anomalous pulmonary venous return, presence of a genetic syndrome or unknown genetic status (compared with absence of a genetic syndrome), moderate-to-severe tricuspid regurgitation prior to the Norwood procedure, use of extracorporeal membrane oxygenation during the Norwood procedure, and lower surgeon annual Norwood volume.
Cardiac catheterization
In the period from the Norwood procedure to age 6 years, the incidence of catheter interventions was higher in patients in the RVPAS vs. MBTS group (P<0.001; Figure 2 ).
Compared with the MBTS group, RVPAS patients underwent their first catheter intervention of any type at an earlier time (P=0.01; 67% vs. 53% by 6 years). They also underwent earlier coil occlusion of collaterals (P=0.001; 36% vs. 23% by 6 years); this difference for the RVPAS vs. MBTS groups was primarily due to coiling of aortopulmonary collaterals (P<0.001; 31% vs. 17% by 6 years) and to a lesser degree due to coiling of veno-venous collaterals (P=0.10; 12% vs. 7% by 6 years). The two shunt groups had a similar time to first balloon angioplasty (P=0.54; 38% vs. 33% by 6 years; P=0.55 after adjusting for center) and stenting (P=0.054; 22% vs. 14% by 6 years; P=0.67 after adjusting for center).
We found significant non-proportional hazards for catheter intervention of any type (PH P=0.02) and for coil insertion (PH P=0.003), particularly coil placement for aortopulmonary collaterals (PH P=0.001). The hazard ratio for catheter intervention of any type in the RVPAS vs. MBTS groups varied over time (P=0.014; Supplemental Table V) P=0.60), even after adjustment for factors that were predictive of RVEF (P=0.40, adjusted for gender, socioeconomic status score, 10 and at least moderate tricuspid regurgitation).
The shunt groups did not differ significantly with respect to clinical events and morbidities (Table 1, Figure 3) ; the overall incidence of seizures in the first 6 years was 3.4 events per 100 patient-years; stroke, 1.8 events per 100 patient-years; protein losing enteropathy, 0.82 events per 100 patient-years; and plastic bronchitis was 0.14 events per 100 patient-years. By age six years, approximately one in five patients had had a thrombotic event and approximately one in six had had seizures. NYHA class was similar for the two shunt groups at 6 years, with 71% in Class I, 21% in Class II, 4% in Class III, and 5% in Class IV in the overall cohort.
DISCUSSION
Advances in surgical and catheter techniques, as well as postoperative care, have improved the survival of patients with even the most critical forms of congenital heart disease. Among congenital heart defects, HLHS serves as an exemplar of the extraordinary pharmacologic, technical, and procedural innovations that have transformed the outlook of children with previously fatal defects. The SVR trial is the first multicenter randomized, prospective trial to compare outcomes of two congenital heart operations, highlighting the evolution of the field of congenital heart surgery from earlier landmark achievements to evidence-based surgical practice that focuses not only on survival but also on longer-term complications of life-saving therapies 11 .
We found that, by 6 years after assignment to an RVPAS vs. MBTS during the Norwood procedure, children with HLHS and other single RV anomalies no longer had a statistically significant difference in their transplant-free survival. Specifically, survival among children assigned to the RVPAS was better before the second stage of palliation was performed, but they had a similar hazard of death or transplant after this time. There was an interaction of shunt type with annual Norwood volume, with the highest volume and most senior surgeons having better outcomes using the MBTS. These data support the importance of tailoring the choice of shunt to the experience level of the surgeon, and also highlight the case-volume relationship with Norwood procedure outcomes. Children in the RVPAS group had a higher incidence of catheter interventions before undergoing the Fontan procedure. After the Fontan procedure, the hazard ratios were similar in the two shunt groups. Finally, right ventricular ejection fraction, clinical events and morbidities, and New York Heart Association Class were similar among survivors in the two shunt groups. Few studies have prospectively followed children with HLHS from birth through early school years. Reports based on smaller cohorts have shown that the Fontan circulation is characterized by elevated filling pressure and low cardiac index, with a cascade of end-organ morbidities including hepatic fibrosis and cirrhosis, lymphatic disorders including protein losing enteropathy and plastic bronchitis, late renal insufficiency, electrophysiological abnormalities, and thromboembolic events. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The SVR trial, which has prospectively gathered extensive data beginning before the Norwood procedure, provides a unique window into the early evolution of morbidities known to be associated with staged palliation to the Fontan procedure. The SVR trial was conceived with the hypothesis that an early survival advantage expected from the RVPAS strategy might be balanced by adverse late outcomes of ventricular dysfunction and arrhythmia. 12 However, to date, we have found little sustained advantage of the initial systemic to pulmonary artery shunt on morbidities among survivors following the Fontan procedure. By 6 years, the rates of development of Fontan morbidities were similar in the two groups. However, cumulative Fontan morbidities in the combined shunt groups were already considerable: one in five children had had an event of thrombotic nature noted in routine clinical care; approximately 15% had had at least one seizure; and 7.5% had had a stroke. These data highlight that morbidity begins early in life for children with single right ventricle, and has a steady increase even in the early years after Fontan.
Our study should be considered in light of some limitations. We did not standardize the materials or techniques used for construction of the RVPAS, nor did we collect information in the dataset on the surgical techniques used to create or repair the right ventriculotomy in RVPAS patients. As is typical for congenital heart surgery, surgical techniques for the RVPAS vary among surgeons between and even within institutions, and RVPAS methods have continued to evolve since study enrollment. [22] [23] [24] The most important potential longterm disadvantage of the RVPAS is diminution of right ventricular function related to the right ventriculotomy. Because of limitations in echocardiographic techniques for evaluation of right ventricular ejection fraction after the RVPAS, RVEF could not be calculated for many patients, nor could we assess regional right ventricular wall motion or impact of focal scarring and dyskinesis. As this cohort continues to be observed longitudinally, cardiac MRI is supplanting echocardiography as a primary cardiac outcome variable.
Additional limitations include that some effects of the two shunt strategies, such as effects on right ventricular function or pulmonary artery architecture, may only become manifest in later years after the Fontan procedure. The RVPAS group underwent more interventions before the Fontan procedure and, although not statistically significant, had a somewhat higher incidence of most complications. One potential reason for these findings is that the RVPAS causes more pulmonary artery distortion. If so, alterations in pulmonary artery architecture related to the RVPAS could adversely affect the long-term functional capacity of those with an initial RVPAS. Exercise capacity is currently being tested at ages 10-12 years in children who were enrolled in the SVR trial. Finally, whereas the difference in transplantfree survival of children in the RVPAS vs. MBTS treatment groups (64% vs. 59% at age 6 years) was not statistically significant, the magnitude of this difference could be clinically important.
In summary, at 6 years in the SVR trial, the difference in transplant-free survival for those assigned to the RVPAS vs. MBTS is not statistically significant. The 6-year incidence of catheter interventions is higher in patients in the RVPAS vs. MBTS group, although the increased hazard was present only prior to the Fontan procedure. Both treatment groups have accrued important morbidities. Participants in the SVR trial are undergoing continued surveillance to characterize their longer-term outcomes and risk factors for adverse events.
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CLINICAL PERSPECTIVE
What Is New?
•
We compared transplant-free survival and other outcomes at 6 years after the Norwood procedure with right ventricle-to-pulmonary artery shunt (RVPAS), compared with a modified Blalock-Taussig shunt (MBTS) in children enrolled in the SVR Trial.
• The RVPAS group had similar transplant-free survival at 6 years but required more catheter interventions before the Fontan procedure.
• Right ventricular ejection fraction, New York Heart Association class, and complications did not differ by shunt type.
• Cumulative incidence of morbidities by 6 years included 20% with a thrombotic event, 15% with a seizure, and 7.5% with stroke.
What Are the Clinical Implications?
• The RVPAS strategy carries a survival advantage prior to Stage II surgery, but a greater hazard of catheter interventions until the Fontan procedure is performed.
• After the Fontan procedure, there is no sustained advantage of the initial systemic to pulmonary artery shunt on transplant-free survival or catheter intervention.
• Morbidity begins early in life and steadily increases for children in both shunt groups.
• These data emphasize the importance of continued follow-up of this cohort, and the need to find new strategies to improve the long-term outlook for those with single ventricle anomalies. Comparison of the assigned shunt types in their freedom from the composite end point of death or cardiac transplantation (ie, transplantation-free survival). RVPAS indicates right ventricle-to-pulmonary artery shunt; and MBTS, modified Blalock-Taussig shunt. Comparison of the assigned shunt types in their freedom from any catheter interventions. RVPAS indicates right ventricle-to-pulmonary artery shunt; and MBTS, modified BlalockTaussig shunt. * RVPAS = right ventricular-to-pulmonary artery shunt; † MBTS = modified Blalock-Taussig shunt, ‡ ECMO = Extracorporeal membrane oxygenation.
